A Bacillus strain, denoted as PY-1, was isolated from the vascular bundle of cotton. Biochemical, physiological and 16S rDNA sequence analysis proved that it should belong to Bacillus subtilis. The PY-1 strain showed strong ability against many common plant fungal pathogens in vitro. The antibiotics produced by this strain were stable in neutral and basic conditions, and not sensitive to high temperature. From the culture broth of PY-1 strain, five antifungal compounds were isolated by acidic precipitation, methanol extraction, gel filtration and reverse-phase HPLC. Advanced identification was performed by mass spectrometry and nuclear magnetic resonance spectroscopy. These five antifungal compounds were proved to be the isomers of iturin A: A2, A3, A4, A6 and A7. In fast atom bombardment mass spectrometry/mass spectrometry collision-induced dissociation spectra, fragmentation ions from two prior linear acylium ions were observed, and the prior ion, Tyr-Asn-Gln-Pro-Asn-Ser-βAA-Asn-CO + , was first reported.
Fusarium wilt causes huge economic losses in a wide variety of crops [1] . The pathogen, Fusarium oxysporum, infects plants through the roots by direct penetration or wounds, colonizes the vascular tissue and causes plant death [2] . Chemical soil fumigation is the main treatment of Fusarium wilt. Broad-spectrum biocides, particularly methyl bromide, can be used to fumigate the soil, but they cause serious environmental damage [3] . Safer and more efficient methods are not available at present.
Recently, scientists have paid attention to biological methods of defense against plant diseases. Control of pathogens by antagonistic microorganisms or their antibiotic products is now considered a viable disease control technology [4−6] . A Bacillus strain with an effective ability against the Fusarium wilt pathogen was isolated from the vascular tissue of a cotton Fusarium wilt-resistant strain, and named PY-1.
In our study, we identified this strain to be a Bacillus subtilis strain by biochemical, physiological and 16S rDNA sequence analysis. In vitro antagonism experiments showed that B. subtilis PY-1 was effective against not only F. oxysporum, but also many other agricultural fungal pathogens, implying it has great potential as an agent for biological control of many fungal diseases. To explore the antifungal mechanism, we analyzed the culture broth of B. subtilis PY-1. Five compounds with high antifungal activity were separated from the culture filtrate by reverse-phase HPLC (RP-HPLC) and proved to be a series of isoforms of iturin A by mass spectrometry and nuclear magnetic resonance (NMR) spectroscopy. A new fragmentation of iturin A was also observed in the fast atom bombardment mass spectrometry/mass spectrometry collision-induced dissociation (FAB MS/MS CID) experiment.
Materials and Methods

Microbial strains and culture conditions
B. subtilis PY-1 strain was separated from cotton vascular bundle by the Key Laboratory of Biotechnology and Crop Quality Improvement at the Southwest Agricultural University of China (Chongqing, China) and stored in sterilized dry sand at 4 ºC. Before experimental use, it had been activated on potato dextrose agar (PDA) plates at 30 ºC for 12 h and transferred twice by streaking. The fungal strains were kindly provided by the Life Science College of Sichuan University (Chengdu, China). These fungi were routinely grown on PDA at 28 ºC and stored at 4 ºC on the same medium.
Identification of B. subtilis PY-1 by 16S rDNA analysis
The biochemical and physiological identification of the PY-1 strain was performed using the BD Phoenix 100 Automated Microbiology System (BD Diagnostic Systems, Sparks, USA). The 16S rDNA of B. subtilis PY-1 was amplified using forward primer 5'-ATGGATCCGAGA-GTTTGATCCTGGCTCAG-3' and reverse primer 5'-TAT-CTGCAGTGGTGTGACGGGCGGTGT-3'. The polymerase chain reaction program was 94 ºC for 4 min, followed by 94 ºC for 1 min, 53 ºC for 1 min and 72 ºC for 1.8 min for 30 cycles, and a final 10 min extension at 72 ºC. The amplified 16S rDNA fragment was ligated into pMD18-T vector, then transformed into Escherichia coli. Sequencing was done by Invitrogen (Shanghai, China). The result was analyzed on the website http://rdp.cme. msu.edu. DNAMAN software (version 5.1; Lynnon Biosoft, Quebec, Canada) was used to analyze the relationship of B. subtilis PY-1 with other Bacillus strains to construct a phylogenetic tree.
In vitro antagonism experiments
The ability of the PY-1 strain to inhibit the growth of various plant fungal pathogens was tested in Petri dishes containing PDA medium. The mycelial plugs of each fungus were deposited in the center of the plates, and the bacterium was inoculated on the edge, approximately 3 cm from the center. The slow growth fungi were inoculated on the plate 24−48 h prior to the bacterium. After incubation for 3−5 d at 28 ºC, the inhibition of fungal growth was evaluated by the percentage of reduction of mycelium expansion compared to control plates without bacteria [7] .
Production of antifungal compounds
The PY-1 strain was cultured in 100 ml KMB liquid medium (2% tryptone, 1% glycerin, 1.5% K 2 HPO 4 , 1.5% MgSO 4 ·7H 2 O, pH 7.0) on a constant temperature shaker (30 ºC, 200 rpm) for 12 h. The broth was transferred to 900 ml fresh medium and incubated at 30 ºC, 200 rpm for 72 h. During incubation, a 1-ml sample was taken every 12 h for antifungal assay. In this study, all antifungal assays were performed by the paper disk assay (40 μl sample per paper disk) against Aspergillus niger. The experiment was repeated three times and the data were combined for analysis.
Effects of pH and temperature on antimicrobial activity
In the pH stability test, the filter-sterilized crude supernatant was adjusted to pH 1.0−14.0, and maintained for 24 h at 4 ºC. The antifungal activity was assayed after the solution had been readjusted to pH 7.0. To test the effect of temperature, the samples of the culture broth were exposed at 60 ºC, 80 ºC and 100 ºC for 30 min and 121 ºC for 15 min, then the remaining activity was assayed after the samples were cooled to room temperature.
Isolation of the antifungal compounds
After centrifugation at 8000 g for 30 min at 4 ºC, the cell-free culture broth was acidized by 3 M acetic acid to pH 3.0. The precipitation was collected by centrifugation at 10,000 g for 25 min at 4 ºC and extracted twice with five times volume of methanol. After removal of methanol in vacuo, the crude extract was separated by gel filtration and the antifungal fraction was collected. Sephacryl S-100 (Amersham Pharmacia Biotech, Uppsala, Sweden) column (16 mm×800 mm) was used and the mobile phase was 0.05 M NaHCO 3 (pH 8.0). A sample of approximately 100 mg was uploaded every time. Further purification was carried out by RP-HPLC with a C18 column (Sephasil Peptide C18, 4.6 mm×250.0 mm, 12 μm; Amersham Pharmacia Biotech) on ÄKTA purifier 10 (Amersham Pharmacia Biotech). Elution was carried out by 32%−55% acetonitrile (Tedia, Fairfield, USA) with a linear gradient in 30 min, maintaining a flow rate of 0.8 ml/min. Active compounds were collected and freeze-dried. During the purification, the paper disk assay against A. niger guided the collection of active fraction.
Structure characterization by mass spectrometry and NMR spectroscopy
The electrospray ionization (ESI) time of flight (TOF) mass spectrometry carried out by a BioTOF Q Bruker (Bremen, Germany) was chosen initially to measure the mass of the antifungal compounds. The FAB-TOF/TOF CID analysis was performed on a Micromass Q-TOF2 (Waters, Milford, USA) in positive mode with 20 kV argon for bombardment. All samples were dissolved in methanol. CID spectrum analysis followed the nomenclature of Roepstorff and Fohlman [8] , which was modified by Biemann [9] . NMR spectra were recorded on a Bruker Ultrashield 600 MHz NMR spectrometer. Purified anti- 
Results
Relationship between B. subtilis PY-1 and other Bacillus strains
Biochemical and physiological identification showed that the PY-1 strain should be a B. subtilis. By 16S rDNA analysis, B. subtilis PY-1 showed approximately 99% similarity to B. subtilis P45B. A phylogenetic tree showing the relationship between B. subtilis PY-1 and other Bacillus strains is shown in Fig. 1 .
Activity of the culture broth and its stability
As shown in Fig. 2 , the culture broth had the strongest antifungal activity after incubation for 72 h and 10 μl of the filter-sterilized crude supernatant was sufficient to clearly inhibit mycelium expansion. The result of a pH stability test is shown in Fig. 3(A) . In a neutral condition, the antifungal activity of the culture broth was the highest, and it was also stable, when the pH ranged from 5.0 to 13.0 with only moderate reduction. The antibiotics had weak solubility and stability in acidic conditions. When the culture broth was adjusted to pH 3.0, with large precipitation, the 
In vitro inhibition of fungal growth
In this experiment, PY-1 strain showed strong inhibition ability against all tested fungal plant pathogens ( Table 1) . F. oxysporum appeared to be one of the most sensitive species with 32% relative inhibition of mycelial growth. During incubation, a 1-ml sample was taken every 12 h for activity assay against Aspergillus niger. The experiment was repeated three times. supernatant lost activity. If the precipitation was dissolved immediately in neutral phosphate-buffered saline, more than 80% activity could be recovered. But long-term treatment in acidic conditions significantly weakened activity. Only approximately 30% activity remained after the broth had been at pH 3.0 for 24 h, and the activity was completely destroyed at pH 1.0 for 24 h. However, in alkaline pH, activity was more stable than in acidic pH. A thermal stability test showed that the antifungal activity was not sensitive to high temperature [ Fig. 3(B) ]. The culture broth even maintained approximately 60% activity after being exposed to 121 ºC for 15 min.
Isolation of the active compounds
The result of a pH stability test demonstrated that the antifungal compounds were insoluble in acidic aqueous solution, and could be precipitated completely at pH 3.0. Methanol could effectively dissolve the antifungal compounds. The methanol extract of the precipitation at pH 3.0 showed dramatic activity against fungi (approximately 30 times stronger than that of culture broth, assessed by two-fold dilution), which also implied that the antifungal compounds should have higher hydrophobicity. As shown in Fig. 4 , using gel filtration and RP-HPLC, five pure antifungal compounds (called Compounds 1−5) were obtained. Compound 1 was the component with the largest Fig. 3 Effects of pH and temperature on antimicrobial activity of the Bacillus subtilis strain PY-1 culture broth (A) Culture supernatant fluids were incubated at various pH values. Activity was expressed as the percentage of relative residual activity. The antifungal compounds were more stable in basic conditions than in acid conditions. (B) Culture supernatant fluids were exposed to various temperatures for 30 min (or 121 ºC for 15 min). Activity was expressed as the percentage of relative residual activity. The antibiotic secreted by strain PY-1 was so stable that 60% activity was maintained at 121 ºC for 15 min. . For a cyclopeptide, the peptide ring should be opened at a certain peptide bond and first form a linear acylium ion, then other peptide bonds could be broken to form fragment ions. Because of a random ring-opening reaction, it was difficult to sequence the cyclopeptide without the presence of proline residue. Easier breakage on the peptidyl-prolyl (Xaa-Pro) bond led to the formation of the major linear acylium ions [12] . For the presence of proline residue in iturin A molecules, the main linear acylium ion should be Pro-Asn-Ser-βAA-Asn-Tyr-Asn-Gln-CO + (βAA denotes β-amino acid) [13] . The formation of b-type and y-type ions is shown in Fig. 6(A) . In the CID spectrum, most of these fragment ions as well as some related a-or c-type ions were found, as listed in Table 2 . This result confirmed that the compounds were isoforms of iturin A. However, another series of ions with high abundance were also observed ( Table 2) . It was implied that the prior ion, Tyr-Asn-Gln-Pro-Asn-Ser-βAA-Asn-CO + [ Fig. 6(B) ], should be also formed in a high ratio. 
NMR spectroscopy analysis
The entire spin systems of amino acid residues were identified through 1 H-1 H COSY and TOCSY experiments [14] . Amide groups of asparagine and glutamine and the phenolic group of tyrosine could be clarified from 1 H-1 H COSY and NOESY spectra. Corresponding with the mass spectrometry result, the NOESY experiment could also be used to induce the amino acid sequence (cyclo-Asn1-Tyr2-Asn3-Gln4-Pro5-Asn6-Ser7-βAA8) [15] (Fig. 7) . A strong NOE between Gln4 and Ser7 suggested that Gln4-Pro5-Asn6-Ser7 should form a β-turn structure. The trans-amide bond of Gln4-Pro5 was indicated by the strong NOE correlation between the α proton of Gln4 and δ protons of Pro5 [12, 15] . β-amino acid could be discriminated by 1 H-1 H COSY experiment because its aminomethenyl (NH 2 -CH) group connected with two methylene groups (-CH 2 -). Their diolefine tails were identified by 1D Iturins are a group of similar cyclic lipopeptides with high antifungal activity, which can modify the membrane permeability and lipid composition, and inhibit the mycelium growth and sporulation of fungi [19] . The structure of iturins is characterized by an amphiphilic peptide ring, which is composed of seven chiral amino acids including an invariable D-Tyr2 with the constant sequence LDDLLDL, and a rare β-amino acid with a long hydrophobic diolefine tail [20] . There are some isomeric compounds in iturins, such as iturin A 6 (βAA:C 16 D) . It is not enough to identify these compounds just by their molecular weight, and sequence analysis is necessary. FAB-TOF/TOF CID MS is a valid method. Because of the presence of proline residue, the main linear acylium ion would be formed by the ringopening reaction at the peptidyl-prolyl bond. As for iturin A, major fragment ions were derived from the prior ion: Pro-Asn-Ser-βAA-Asn-Tyr-Asn-Gln-CO + . However, in our research, by CID spectra data analysis, two series of ions from different prior linear acylium ions were observed, and the second prior ion, Tyr-Asn-Gln-Pro-Asn-Ser-βAA-Asn-CO + , was first reported in FAB-MS/MS CID spectrometry experiment of iturin A. CID spectrum can be used as a "fingerprint" to identify iturin A, especially in a mixture [13, 24] . This finding will be very useful to analyze the spectrum and discriminate some special fragment ions, so as to identify iturin A quickly and correctly. NMR spectroscopy is necessary to determine the structure of the β-amino acid residue and gives us more information about
Discussion
Antagonism is ubiquitous in nature among different species. For a long time, people have been interested in rationally making use of it in the areas of agricultural defense or therapy of diseases. Plant fungal diseases are the space conformation of the molecule. But NMR spectroscopy needs an amount of pure sample and is inappropriate for fast identification.
With the high production of iturin A and its endogenic character, B. subtilis PY-1 is a promising agent in the biocontrol of fungal diseases in agriculture. The application in farmland and the biologic security of B. subtilis PY-1 needs advanced testing.
